Objective. Osteoarthritis (Oa) is induced by accumulated mechanical stress to joints; however, little has been reported regarding the cause among detailed mechanical stress on cartilage degeneration. this study investigated the influence of the control of abnormal joint movement induced by anterior cruciate ligament (aCl) injury in the articular cartilage. Design. the animals were divided into 3 experimental groups: CaJM group (n = 22: controlling abnormal joint movement), aCl-t group (n = 22: aCl transection or knee anterior instability increased), and iNtaCt group (n = 12: no surgery). after 2 and 4 weeks, the knees were harvested for digital microscopic observation, soft X-ray analysis, histological analysis, and synovial membrane molecular evaluation. Results. the 4-week OarSi scores showed that cartilage degeneration was significantly inhibited in the CaJM group as compared with the aCl-t group (P < 0.001). at 4 weeks, the osteophyte formation had also significantly increased in the aCl-t group (P < 0.001). these results reflected the microscopic scoring and soft X-ray analysis findings at 4 weeks. real-time synovial membrane polymerase chain reaction analysis for evaluation of the osteophyte formation-associated factors showed that the mrNa expression of BMP-2 and VEGF in the aCl-t group had significantly increased after 2 weeks. Conclusions. typically, abnormal mechanical stress induces osteophyte formation; however, our results demonstrated that CaJM group inhibited osteophyte formation. therefore, controlling abnormal joint movement may be a beneficial precautionary measure for Oa progression in the future.
Introduction
Knee osteoarthritis (OA) is a type of joint disease that results from cartilage degradation and osteophyte formation in joints, and believed to be caused by accumulated mechanical stress. 1 Generally, anterior cruciate ligament (ACL) transection model is widely used to elucidation for a mechanism of OA progression. 2, 3 ACL transection promotes abnormal joint motion, such as anterior translation of tibia, and the abnormal mechanical stress may develop between the femur and tibia cartilage.
In our previous studies, to establish abnormal joint motion of the tibia and its controlled effect, we created a controlled abnormal joint movement (CAJM) model to restore the biomechanical function following ACL transection through a nylon suture placed on the outer aspect of the knee joint. 4 Using the CAJM model, we reported the controlled abnormal joint movement suppress inflammatory cytokines may help delay the progression of OA. 5 Other studies indicated that anterior translation of the tibia induced by ACL injury was related to osteophyte formation. [6] [7] [8] Anterior translation of the tibia causes abnormal joint mechanics by changes in contact stress. This change in contact stress results in an increase to various growth factors during osteophyte progression in the knee. In particular, the synovial membrane exhibits increased transforming growth factor beta (TGF-β), bone morphogenetic proteins (BMPs), and vascular endothelial growth factor (VEGF), which play an initial and terminal role in differentiation. [9] [10] [11] Although symptoms are not always present, various growth factors are expressed during the progression of osteophytes in the knees of patients with OA, and osteophytes are understood to be a result of abnormal mechanical stress.
We hypothesized that the abnormal joint movement is probably more from increased contact stresses on the joint, which the bone osteocytes will sense via Wolff's law, and then the bone "senses" that it needs to "grow" osteophytes in order to limit the abnormal movement. The objective this study was to evaluate osteophyte formation and cartilage degeneration on controlled abnormal joint movement using histological and molecular biological analyses. These findings may help to understand the progression of OA and to provide new prevention methods for patients with OA.
Material and Methods

Animals and Experimental Design
All procedures were approved by the Ethics Committee of Saitama Prefectural University (approval number: 27-9). A new protocol was devised according to the "Animal Research: Reporting of in Vivo Experiments (ARRIVE)" guidelines. 12 A total of 56 ten-week-old Wistar rats (Sankyo Labo Service Corp., Tokyo, Japan) were obtained for use in this study (Fig. 1) . The animals were divided into 3 experimental groups: an intact group (INTACT, n = 12: the rats did not undergo any surgery), a CAJM group (CAJM, n = 22: external support was provided to decrease anterior translation after complete ACL transection), and an ACL transection group (ACL-T, n = 22: bone tunnel with complete ACL transection, anterior translation increased). All rats were housed and maintained on a 12-hour light-dark cycle at a constant temperature of 23°C, with free access to food and tap water.
Surgical Procedures
As described previously, 4, 5, 13 the ACL-T and CAJM models were established after anesthetization of the rats with pentobarbital (0.8 mL/kg) (Supplementary methods). The medial capsule of the right knee joint was exposed without disrupting the patellar tendon, and the ACL was completely transected. Both models were established by creating a bone tunnel along the anterior aspect of the proximal tibia. In the ACL-T group, the skin was closed with a nylon suture and was disinfected. In the CAJM group, a nylon thread was passed through the bone tunnel and was tied to the posterior aspect of the distal femur. A reduction in abnormal joint movements was achieved without intra-articular suturing of the ligament.
Functional Recovery and Anterior translation Examination
The postoperative recovery of motor function was evaluated by placing rats randomly selected from different groups onto an accelerating rotarod (Muromachi Kikai Co., Tokyo, Japan) for rotarod analysis. To rule out differences in learning skills between the 3 groups of rats, each group was assessed over 3 trials (the rotation speed was adjusted to 10 rotations per minute). The motor function of each animal was determined by averaging the scores of 3 trials. At 2 and 4 weeks, 6 rats from each group (n = 36) were sacrificed following anesthetization with pentobarbital, and their right lower limbs were examined radiographically. The femur was subjected to examination systems, 5 and the anterior translation of the tibia was evaluated with anterior traction using a 0.2 kgf constant force spring (Sunco Spring Corp., Kanagawa, Japan). Radiographs were captured with a soft radiogram M-60 (Softex Corp., Kanagawa, Japan). X-ray radiography was performed at 28 kV and 1 mA for 1.5 seconds, and images were captured with a NAOMI digital X-ray sensor (RF Corp., Nagano, Japan). Digital images were used to quantify the anterior displacement relative to control rats under normal conditions using the ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Osteophyte Scoring from Radiographic Examination
To evaluate the changes in OA, the rats were positioned with their knee flexed at 90°. Following scanning, the osteophyte score was evaluated based on a previous study 14 (Supplemental Table 1 ). The scoring comprised osteophyte, cyst, joint space, and sclerosis measurements.
Histological Analysis
The rat knees were fixed in a 4% paraformaldehyde solution for 48 hours and were decalcified in a Super Decalcifier I solution (Polysciences Inc., Taipei, Taiwan) for 24 hours. They were subsequently washed with phosphate-buffered saline and were embedded in an optimal cutting temperature compound (Sakura Finetek Japan, Tokyo, Japan). The specimens were cut 16 μm from the tibial plateau and femur on the frontal plane. Sections were stained with safranin-O/fast green staining and alizarin red/Alcian blue staining, and were rated according to the Osteoarthritis Research Society International (OARSI) scoring system for cartilage. 15 Every 3 sections of the 4 areas (i.e., the medial tibia, lateral tibia, medial femur, and lateral femur) were evaluated according to previously reported methods. 16 This scoring system consists of 2 subcategories: the grade (6 points) and the stage (4 points). The total OARSI scores were calculated as the "grade × stage." A total score of 24 indicated severe OA, while a score of 0 indicated a normal joint. Four areas per section calculated the summed total score (0 to 96). According to a previous study, 17 the osteophytes were evaluated semiquantitatively using osteophyte formation scores consisting of 2 dimensions: the size and maturity (Supplemental Table 2 ). Four areas per section (i.e., the medial tibia, lateral tibia, medial femur, and lateral femur) were evaluated to calculate the summed total score (0 to 24).
Microscopic Examination
Five knee joints were harvested from each of the CAJM and ACL-T groups (n = 20) at 2 and 4 weeks after the surgery, and the samples were carefully separated from the tibia and femur. The contralateral articular cartilage (left side) of the ACL-T group was used for INTACT. The tibia and femur were stained with Indian ink to visualize the damaged region. Microscopic pictures of the femur and tibia were captured with a digital microscopic system (Keyence, Tokyo, Japan). Based on a previous study, 18 the cartilage degeneration of the femur and the tibial surface was evaluated through macroscopic scoring on a scale of 0 to 5 points (Supplemental Table 3 ).
Quantitative mRNA Expression
The TGF-β, BMP-2, and VEGF mRNA expression levels associated with bone marrow progression in the synovial membranes were evaluated with a real-time polymerase chain reaction (PCR) 2 weeks and 4 weeks after the surgery in the CAJM and ACL-T groups. The contralateral articular cartilage (left side) of the ACL-T group was used for standardization (normal tissue samples). The synovial membranes were isolated and immersed in an RNA-stabilizing solution (Ambion, Austin, TX, USA). The total RNA was extracted with an RNeasy Lipid Tissue Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's instructions. The synthesis of the cDNA was conducted with a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). A real-time PCR was performed with a StepOne-Plus real-time system (Applied Biosystems, Foster City, CA, USA) using 2 μL of cDNA in the presence of the appropriate primers (TaqMan primers, NE, USA): BMP-2, TGF-β, and VEGF ( Table 1) . The relative expression levels of the genes were normalized to a housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase; GAPDH) using the 2 −ΔΔCt method to calculate the relative levels of mRNA expression.
Statistical Analysis
Statistical analysis was performed with SPSS version 21.0 software (IBM Japan, Tokyo, Japan). The normality of the 
Results
There were no significant changes in the weight of the normal rats 2 weeks after surgery (P = 0. (Fig. 2A) . The evaluation Motor function evaluation using rotarod analysis at each point. there was no different among 3 groups at 2 weeks (P = 0.586 with aNOVa) and 4 weeks (P = 0.989 with aNOVa). (C) anterior translation evaluation method and results. a custom knee instability evaluation system was used to quantify the anterior laxity. the femur was held with a manual clamp, and the tibia was retracted forward by a 0.2 kgf constant force spring. a soft X-ray radiography was used to evaluate the anterior translation, and the displacement was calculated. at 2 weeks, the degree of anterior translation was significantly increased in the aCl-t (anterior cruciate ligament transection) group as compared with that in the CaJM group (P < 0.001 with post hoc tukey method). at 4 weeks, the aCl-t group showed significantly increased anterior translation as compared with that in the iNtaCt (no surgery) group (P = 0.008 with post hoc tukey method). all data are expressed as means with 95% confidence interval limits. the exact P-values between the compared groups (based on a 1-way analysis of variance with tukey's post hoc test) are displayed on the graph. (Fig. 2B) .
To evaluate the anterior translation after surgery, an X-ray was performed with our original anterior joint instability measurement system at 2 and 4 weeks. 
Osteophyte Scoring Using Radiographic Examination
To evaluate the knee OA, soft X-ray digital scanning was performed at 2 and 4 weeks, respectively, and was graded with Oprenyeszk's score 18 ( Fig. 3) . At 2 weeks, the scores of the ACL-T groups were significantly higher than those 
Microscopic Examination
The articular cartilage was graded according to the degeneration progression in the tibia and femur based on a macroscopic examination (Fig. 4) . At 2 weeks, in the tibial cartilage, no significant differences were detected among the 3 groups (P = 0. 
Histological Analysis of Cartilage Degeneration
Histological characteristics at 4 weeks are presented in Figure 5 . The CAJM group exhibited enlargement of the cartilage lacuna and increased the number of chondrocytes. Moreover, the ACL-T group exhibited a confirmed cluster of chondrocytes and surface fibrillation. Knee osteophyte formation evaluation with radiography. time course of soft X-ray radiography of knee joints in iNtaCt (no surgery), CaJM (controlling abnormal joint movement), and aCl-t (anterior cruciate ligament transection) groups at 2 and 4 weeks. Both the aCl-t and CaJM groups showed osteophyte formation (red triangle). the radiographic images were graded, and the aCl-t group scored higher than the iNtaCt group at 2 weeks (P = 0.017 with post hoc Mann-Whitney U test with Bonferroni correction) and 4 weeks (P = 0.001 with post hoc Mann-Whitney U test with Bonferroni correction), respectively. the data are expressed as the median at 25% and 75%. the exact P values between the compared groups (based on the Kruskal-Wallis test followed by the Mann-Whitney U test for pairwise difference) are shown on the graph.
To evaluate the articular cartilage at 2 and 4 weeks, the latter was graded based on the OARSI histological scoring system (Fig. 5) . At 2 weeks, the total OARSI score was significantly higher in the ACL-T group and CAJM group than 
Histological Analysis of Osteophyte Formation
The total osteophyte formation score was significantly higher in the ACL-T group and CAJM group than , and aCl-t (anterior cruciate ligament transection) groups. the CaJM group exhibited enlargement of the cartilage lacuna and increased chondrocytes (white arrow), whereas the aCl-t group exhibited a confirmed cluster of chondrocytes (block arrow) and surface fibrillation. OarSi scores at 2 and 4 weeks. at 2 weeks, the iNtaCt group's "Summed OarSi" scores were significantly maintained as compared with those of the CaJM group (P = 0.021 with post hoc Mann Whitney U test with Bonferroni correction) and aCl-t group (P = 0.001 with post hoc Mann-Whitney U test with Bonferroni correction). at 4 weeks, the aCl-t group showed a significantly increased OarSi score (Summed OarSi) as compared with that of the iNtaCt group (P < 0.001 with post hoc Mann-Whitney U test with Bonferroni correction) and of the CaJM group (P < 0.001 with post hoc Mann-Whitney U test with Bonferroni correction). the exact P values between the compared groups (based on the Kruskal-Wallis test with the Mann-Whitney U test) are shown on the graph.
3 [2] [3] [4] ) at 2 weeks. However, there were no differences between the CAJM and ACL-T groups (P = 0.389, with post hoc Mann-Whitney U test; Bonferroni correction). The scores at 4 weeks were significantly higher in the ACL-T group than in the CAJM group or the INTACT group (INTACT, 2 ; CAJM, 4 [3] [4] [5] [6] ; ACL-T, 6 [4] [5] [6] ). Moreover, the correlation coefficient between the anterior translation weight and score were significant (P < 0.001, R 2 = 0.63). Exact P values are given in Figure 6 .
mRNA Expression levels in Synovial Membranes
The synovial membrane of the rats in the CAJM and ACL-T groups was harvested 2 and 4 weeks after the surgery. A Figure 6 . Histological findings of osteophyte formation at 4 weeks, and osteophyte scoring at 2 and 4 weeks. Cartilage sections with alizarin-red/alcian-blue staining in the iNtaCt (no surgery), CaJM (controlling abnormal joint movement), and aCl-t (anterior cruciate ligament transection) groups. the CaJM and aCl-t groups exhibited confirmed osteophyte formation. Osteophyte scoring at 2 and 4 weeks. at 2 weeks, the scores were higher in the CaJM and aCl-t groups than in the iNtaCt group (both group, P < 0.001 with post hoc Mann-Whitney U test with Bonferroni correction). at 4 weeks, the aCl-t group exhibited significantly higher scores than the iNtaCt and CaJM groups (iNtaCt vs. aCl-t, P < 0.001; CaJM vs. aCl-t, P = 0.002, with post hoc Mann-Whitney U test with Bonferroni correction). the correlation coefficient between the front drawer weight and score were significant (P < 0.001, R 2 = 0.63). the exact P values between the compared groups (based on the Kruskal-Wallis test with the Mann-Whitney U test) are shown on the graph.
real-time PCR was used to assess the alterations in the expression levels of the genes associated with osteophyte progression, and the changes in the CAJM and ACL-T groups were compared with the expression levels of the normal tissues (i.e., normal tissue samples harvested from the opposite knee) at the baseline. As shown in Figure 7 , at 2 weeks, the BMP-2, TGF-β, and VEGF mRNA expression levels were approximately 3.80-fold, 1.01-fold, and 2.18-fold higher in the ACL-T group, and 1.29-fold, 1.37-fold, and 1.40-fold higher in the CAJM group, respectively. The mRNA expression levels of BMP-2 and VEGF in the ACL-T group were aberrantly significantly upregulated as compared with those in the CAJM group. The BMP-2, TGF-β, and VEGF mRNA expression levels were approximately 4.46-fold, 1.00-fold, and 0.81-fold higher in the ACL-T group, and 3.11-fold, 1.00-fold, and 1.33-fold higher in the CAJM group, respectively. The mRNA expression levels of the BMP-2 and VEGF in the CAJM group were aberrantly significantly upregulated as compared with those in the ACL-T group.
Discussion
Based on a previous study, 4, 5, 13 the present study used the CAJM model to understand the relationship of abnormal joint movements to the progression of articular cartilage degeneration and osteophyte formation. This model used a nylon suture to induce normal joint movement. As a result, the histological data indicated that the CAJM model significantly decreased cartilage degeneration and limited osteophyte formation and certain mRNA expressions according to osteophyte growth factors in the synovial membrane.
The abnormal joint motion caused by knee injury is a predominant factor in OA progression. 19 In animal models, abnormal joint movement, such as joint instability, leads to long-term alterations of the knee articular cartilage, as evidenced in mouse, 3, 6, 20 rat, 5, 13 and rabbit models. 2, 21 In particular, in rabbit model, the degree of anterior translation induced by ACL transection model was associated with degeneration of the articular cartilage. 2 Our model was designed to induce a biomechanical change, such as anterior translation, with nylon sutures. The results demonstrated different anterior translation between the ACL-T and CAJM models at 2 and 4 weeks, and the CAJM model inhibited the degeneration of the articular cartilage more than the ACL-T model. These findings indicated that the control of anterior joint instability had a beneficial effect on the articular cartilage, our model has obtained an analogous result to the previous research.
On the other hand, osteophytes are small spurs that form in and around the knee joint as a result of chronic inflammation. Although the mechanism of osteophyte formation in OA remains unclear, the involvement of the synovial membrane in osteophyte formation appeared within 2 weeks of the induction of experimental OA. According to our hypothesis, abnormal anterior translation of the tibia probably results from increased contact stresses on the bone, which Figure 7 . mrNa expression levels in the synovial membrane. Synovial membrane tissue samples harvested at the 2-and 4-week time points were evaluated to investigate the mrNa expression of factors associated with osteophyte formation as a proportion of the normal tissue samples (ratio: 1.0). at 2 weeks, the mrNa expression levels of the BMP-2 (bone morphogenetic protein-2) had significantly increased in the aCl-t (anterior cruciate ligament transection) group as compared with those in the CaJM (controlling abnormal joint movement) group (P = 0.001 based on post hoc Mann-Whitney U test). the VegF (vascular endothelial growth factor) mrNa expression was also significantly increased in the aCl-t group (P = 0.003 based on post hoc Mann-Whitney U test). at 4 weeks, the BMP-2 mrNa expression was significantly increased in the CaJM group. the data are expressed as the fold change with 95% confidence interval limits.
the bone osteocytes will sense via Wolff's law, and then the bone will "sense" that it needs to "grow" osteophytes in order to limit the abnormal motion. In particular, in animal models, anterior translation at a relatively early stage has been reported to reduce the range of motion with osteophytes. 7, 21 As the present model was a method to reduce abnormal joint movement at an early stage, the formation of osteophytes may have been mild.
In addition, the synovial membrane is an important site of osteophyte formation. The edges of the cartilage, which receive appropriate nutrition from the synovial membrane, induce the formation of osteophytes. Various growth factors are expressed in the osteophytes of experimental models and clinical patients. Both the TGF-β and BMP-2 can induce major osteophytes in murine knee joints. Moreover, in animal models, [9] [10] [11] newborn blood vessel factors such as the VEGF, VEGF-receptor, vascular cell adhesion molecule (VCAM), and fibroblast growth factor-2 (FGF-2) also contribute to the growth of osteophytes as they supply nutrition. In the present study, the ACL-T model exhibited osteophyte formation at 4 weeks, and the synovial membrane mRNA expression levels of the BMP-2 and VEGF were increased at the 2-and 4-week time points in the ACLT model. These results indicated that the control of anterior translation inhibited osteophyte formation. Previous research has shown that anterior translation at 4 weeks after surgery was reduced in an ACL transection rat model, as the recovery process for animal models was expedited compared to that for humans. 22 Moreover, anterior translation induced by ACL injury requires osteophyte formation, and the range of motion and joint mobility is subsequently reduced. 20 Considering these various findings, osteophytes are probably a result of instability and may limit joint motion, but they form as a result of bone growth due to increased contact stress resulting from abnormal joint mechanics. On the other hand, for articular cartilage, the factors associated with osteophyte formation have been shown to induce OA. These abnormal contact stresses play a crucial role in the physiology of various tissues: mechanical signals are critical determinants of tissue morphogenesis and maintenance; however, high-strain mechanotransduction by cartilage mechanical stress is relevant to the pathogenesis of OA. The present results indicate that the control of contact stress resulting from abnormal anterior instability suppressed cartilage degeneration, which was associated with osteophyte formation in the histological and real-time PCR analyses. These findings showed that an appropriate contact stress condition maintained cartilage formation, and restabilization of the joint provided a good mechanical condition for the knee after ACL injury.
In order to interpret and apply the findings of the study properly, its limitations should be acknowledged. First, the experimental period only included the 2-and 4-week points after surgery; the long-term effects of cartilage degeneration and osteophyte formation were not examined. However, one of our previous studies showed that the CAJM model induced lower cartilage degeneration than the ACL-T model 12 weeks after surgery. Therefore, this study focused on controlling abnormal joint movement of the knee in an early stage. Second, the use of an experimental rat model, which implied a small knee joint size, meant that changes in the joint kinematics (including the tibial rotation) following ACL transection could not be accurately evaluated. Although, anterior displacement was measured by the distance between the non-traction condition and the anterior traction condition at each sacrifice time point, the anterior displacement differences at the later postoperative times between the control, CAJM, and ACL-T knees may also be due to changes in the knee soft tissues resulting from the surgical procedures and tissue responses.
In conclusion, this study examined the association between anterior translation and osteophyte formation in the progression of articular cartilage degeneration. It appeared that the control of abnormal joint movement was indeed associated with the inhibition of cartilage degeneration and osteophyte formation, as evidenced with microscopic, histological, and biochemical analyses. However, further research is required to characterize the features of mechanical stress associated with the development of OA and to gather information to guide the development of interventions intended to optimize the cartilage health of the knee joint.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
Ethical Approval
Ethical approval for this study was obtained from the Ethics Committee of Saitama Prefectural University (approval number: 27-9).
Animal Welfare
The present study followed international, national, and/or institutional guidelines for humane animal treatment and complied with relevant legislation.
